Background Hereditary diffuse gastric cancer (HDGC) is a familial cancer syndrome specifically associated with germline mutations to the E-cadherin (CDH1) gene. HDGC is characterized by autosomal dominance and high penetrance and a high cumulative risk for advanced gastric cancer. Our purpose in this study was to identify and synthesize findings from all articles on: (1) current recommendations for CDH1 screening and prophylactic gastrectomy; (2) CDH1 testing results in HDGC patients; and (3) prophylactic gastrectomy results in HDGC patients. Methods Systematic electronic literature searches were conducted using Medline, Embase, and the Cochrane Central Register of Controlled Trials from 1985 to 2009. Results Seventy articles were included in this review. Among patients with a positive family history of gastric cancer, 1085 were screened from 454 families, and 38.4% tested positive. Mutation-positive families also had a considerable family history of breast and colon cancer. Of the 322 patients screened for CDH1 mutations by current HDGC screening criteria, 29.2% tested positive. Among the 76.8% of patients who underwent prophylactic gastrectomy following positive CDH1 test results, 87.0% had positive final histopathology results and 64.6% had signet ring cells identified. Some of the patients with negative final histopathology results had opted to undergo prophylactic gastrectomy prior to CDH1 testing, and were ultimately found to be negative for CDH1 mutations. Conclusion CDH1 mutation testing in families with a history of gastric cancer and prophylactic gastrectomy in mutation-positive patients are recommended for the management of HDGC.
Introduction
Gastric cancer (GC) is one of the most common forms of cancer and causes of cancer death worldwide [1] . The majority of cases are sporadic in nature; however, familial clustering is observed in about 10% of the cases [2] . Of those with familial aggregation, 1-3% are diagnosed with hereditary diffuse gastric cancer (HDGC) [2] . According to the International Gastric Cancer Linkage Consortium (IG-CLC), the following criteria must be met for a diagnosis of HDGC: (1) two or more documented cases of diffuse gastric cancer (DGC) in first-or second-degree relatives, with at least one diagnosed before the age of 50, or (2) three or more cases of documented DGC in first-or seconddegree relatives, independent of age of onset [3, 4] . Families with an aggregation of GC and an index case with DGC but not fulfilling the IGCLC criteria for HDGC are categorized as having familial diffuse gastric cancer (FDGC), whereas familial clustering of GC in which the histopathology of the tumor is unknown is designated as familial gastric cancer (FGC) [2, 3, 5] . A family history of intestinal carcinoma can also be present and families with this type of aggregation are classified as having familial intestinal gastric cancer (FIGC) [2, 3, 5] . In this review we will focus only on HDGC.
HDGC is an autosomal dominant cancer syndrome caused by germline mutations to the CDH1 gene that encodes for the cell-to-cell adhesion protein E-cadherin [6] [7] [8] . Genetic linkage between CDH1 mutations and HDGC was first described by Guilford et al. [9, 10] , who identified germline truncating E-cadherin mutations in three New Zealand Maori families in 1998. Currently about 100 inactivating germline mutations in the CDH1 gene have been published, with the most common types being small insertions or deletions (35%) and missense mutations (28%) [6] . Other mutation types (nonsense, splice site, and large exonic deletions) have also been identified [6] . Regardless of mutation type, the majority (75%) result in a truncated loss-of-function protein [11] . CDH1 mutations are found among all ethnicities, with large clusters being identified in New Zealand and Canada [11] [12] [13] . A paradox is noted for Asian countries, where a high incidence of sporadic GC is present, but a low incidence of CDH1 mutations has been found. The reason for this is unknown [2, 5, 7] .
The penetrance of CDH1 germline mutations in HDGC is relatively high. The estimated lifetime cumulative risk of developing GC is 67% in men and 83% in women, with a mean age at diagnosis of 38-40 years (range: 14-85 years) [14] . The presence of a CDH1 mutation has also been linked to an increased risk of lobular breast cancer among women, with one study estimating a cumulative lifetime risk of 39% [14] . However, another recent publication by the IGCLC suggests that the risk of gastric cancer is over 80% for both men and women, and the risk of lobular breast cancer is 60% for women [4] . This high rate of penetrance highlights the importance of identifying CDH1 mutation carriers. More importantly, an early diagnosis of HDGC may translate to improved prognosis and longer survival rates for these patients. Therefore, the purpose of this review is to identify and synthesize findings from all articles on: (1) current recommendations for CDH1 screening and prophylactic gastrectomy; (2) CDH1 testing results in patients with a family history of GC, as well as those with HDGC; and (3) prophylactic gastrectomy results in HDGC patients.
Methods

Data sources
Electronic literature searches were conducted using Medline 
Study selection and review process
To be eligible, studies had to meet the following criteria: (1) provide new or modified recommendations for CDH1 screening and/or prophylactic gastrectomy in HDGC patients; (2) report CDH1 testing results in HDGC patients or families; (3) provide prophylactic gastrectomy results in HDGC patients or families; (4) include patients with a diagnosis of HDGC or a family history of HDGC; and (5) be published in peer-reviewed journals in English. Studies were excluded according to the following criteria: (1) involved animals and/ or ex vivo samples; (2) included patients without HDGC; and (3) did not provide new data. No study design restriction was used. All electronic search titles, selected abstracts, and fulltext articles were independently reviewed by a minimum of two reviewers (NC, LH, RS, AB). Disagreements on study inclusion/exclusion were resolved with a consensus meeting.
Data extraction
A systematic approach to data extraction was used to produce a descriptive summary of participants, interventions, and study findings. The first reviewer (RS) independently extracted the data and a second reviewer (RC) checked the data extraction. No attempt was made to contact authors for additional information.
Results
Literature search
A total of 561 titles/abstracts were identified from the electronic searches and reference lists for preliminary S154 R. Seevaratnam et al. review. After removal of duplicates and screening for relevant titles and abstracts, a total of 96 articles were submitted for a full-text review. A total of 70 articles [3, [5] [6] [7] [8] met our inclusion criteria and were included in this review (Fig. 1 ).
Recommendations for CDH1 screening and prophylactic gastrectomy
In 1999, the IGCLC published the first set of recommendations for CDH1 testing [3] , which called for mutation screening for all patients diagnosed with HDGC according to two criteria ( (Table 3) . Among those with HDGC, 322 were screened using both the IGCLC and modified IGCLC CDH1 screening criteria, and 29% tested positive (Table 3) . However, among families with two or more cases of GC with at least one case of DGC and a diagnosis prior to 50 years, of the 148 patients screened, 47% tested positive. In a similar fashion, among families with three or more cases of GC irrespective of age of onset with at least one case of DGC, of the 59 screened patients only 10% tested positive. When both of these criteria, IGCLC and modified CDH1, were considered, 35% tested positive out of 229 patients screened. Considering only those isolated individuals diagnosed with DGC prior to 45 years, of the 19 patients who were screened, 10.5% tested positive; whereas a diagnosis of DGC prior to 35 years gave an 8% positive test rate among 37 individuals screened. The modified CDH1 screening criteria of one family member diagnosed with DGC and another with lobular breast cancer did not result in any positive mutation tests; however, when families with multiple cases of lobular breast cancer with or without cases of DGC were considered, 23% tested positive (three of 13 patients screened). One of two individuals tested positive when meeting the criteria of one family member diagnosed with DGC and another with colon cancer. When the specific presence of signet ring cell colon cancer was required along with a case of DGC, 33% (one of three patients) tested positive.
Prophylactic gastrectomy results
Twenty-eight articles [12, 13, 17, 19, 23, 24, 26, 34, 37, 44, 51, 52, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] reported prophylactic gastrectomy results in HDGC patients (Fig. 2 , for full details see Appendix C). A ) of these patients decided to undergo a prophylactic gastrectomy prior to CDH1 testing, and these patients were ultimately found to be negative for CDH1 mutations, and all had negative final histopathology results. Two of these patients had false-positive CDH1 mutation testing results.
Discussion
Accurate diagnosis and classification of HDGC is important for the improved prognosis of patients with DGC and their families. Due to the high penetrance of CDH1 mutations, we performed a systematic review of the literature to identify the current recommendations for CDH1 mutation screening, the rate of positive test results, and the rates according to current CDH1 mutation testing recommendations. We also identified the rate of positive pathology results among patients with a CDH1 mutation undergoing prophylactic gastrectomy for HDGC. Previous reviews have been published; however, this analysis differs from others by including a wider range of reports (such as case reports), as well as by focusing on the clinical perspective as opposed to the molecular genetics. The first set of guidelines for the management of HDGC was published by the IGCLC in 1999 [3] . Due to the highly lethal nature of DGC, the IGCLC advocated for CDH1 mutation testing, pre-and post-test genetic counseling, and a multi-disciplinary team for patient support [3] . At this time, 25% of families were predicted to carry an inactivating germline CDH1 mutation that fit one of the two criteria for an HDGC diagnosis [3] . Although lobular breast cancer, colorectal cancer, and prostate cancer were documented in mutant gene carriers, the inclusion of these tumors as diagnostic criteria was premature [3] . Additionally, the prevalence of mutations in patients without a family history of GC was unknown; thus, the IGCLC believed it was premature to offer genetic testing for sporadic cases [3] . Since then, the prevalence of CDH1 mutations in families with a history of lobular breast cancer and/or colon cancer, as well as the prevalence of CDH1 mutations among young individuals with GC and no family history of the disease from low-incidence populations, has been documented and the criteria for CDH1 testing have been modified [5, 7, 8, 11, [15] [16] [17] [18] (Table 1) . We found that patients with a family history of GC (histology unknown) and documented DGC who tested positive for CDH1 mutations also had a family history of breast cancer and/or colon cancer ( Table 2) . We also found a higher percentage of women (59%) had documented DGC compared to men (41%) (Appendix B). Patients fulfilling the modified criteria have an estimated 30-50% likelihood of harboring CDH1 mutations [8, 16] . Isolated cases of DGC in young individuals from a low-incidence population have a 20% probability of harboring a CDH1 mutation [18] . We report similar rates according to CDH1 screening criteria ( Table 3 ). The IGCLC have recently published updated guidelines adopting these new modified criteria for CDH1 screening [4] . They also reported the updated cumulative lifetime risk of DGC development to be greater than 80% for men and women, as well as an updated cumulative lifetime risk of lobular breast cancer development to 60% in women [4] . Members of the Stanford Cancer Center have expanded the criteria for referral for genetic testing to include patients with pathological features strongly suggestive of HDGC (Table 1) . They suggest that CDH1 testing be performed in these individuals to determine the necessity for a total rather than a subtotal gastrectomy [8, 16] . The identification of CDH1 mutations in HDGC families is important to clarify the risk of DGC developing in the future for family members. A negative test result does not mean the patient will not develop GC [3] . These patients should still be followed up with gastric screening similar to that done in at-risk families, as it is possible a mutation exists in the CDH1 gene that has not yet been discovered [7] . Currently, all patients who have undergone a prophylactic gastrectomy despite a negative test result (or prior to determining the results of CDH1 screening) have been deemed negative for cancer upon histological examination (Fig. 2) . On the other hand, a positive test result implies the patient may face a greater than 80% lifetime chance of developing GC [4] . Mutation screening is not Fig. 2 Summary of prophylactic gastrectomy results in hereditary diffuse gastric cancer (HDGC) patients. Eleven patients underwent prophylactic gastrectomy prior to CHD1 testing and they were ultimately found to be negative for CDH1 mutations and pathological microscopic foci. Two of the patients had false-positive preoperative screening results recommended for minors under the age of 14, and a caseby-case analysis is considered for minors aged 14-16 years [11] . If a CDH1 mutation is identified, it is recommended that asymptomatic family members proceed to genetic screening by their early 20s [8, 16] . A positive test result is the strongest indicator that a prophylactic gastrectomy should be performed.
Immunoreactive studies of gastric specimens harboring CDH1 mutations show diminished or absent E-cadherin expression. This is consistent with a biallelic inactivation of the CDH1 gene by a 2nd hit mechanism [5] . The most frequent 2nd hit mechanism in sporadic DGC is promoter hypermethylation [75, 76] . Loss of hererozygosity at the CDH1 locus or a second CDH1 mutation is less frequent [76] . Given CDH1's high penetration in heterozygotes, the development of DGC is reasonably expected to be even higher in those with biallelic inactivation and can therefore be used as a marker for an even further increase in susceptibility.
Prophylactic gastrectomy for prevention of HDGC In 1999, the IGCLC advocated a prophylactic gastrectomy in CDH1-positive patients as an effective method of prevention of the development of GC [3] . In the young, healthy population, prophylactic gastrectomy was estimated to be associated with a 1-2% mortality, 10-20% major acute morbidity (mainly from the esophagojejunostomy), and 100% long-term morbidity related to weight loss, rapid intestinal transit, dumping syndrome, diarrhea, and a requirement for lifelong vitamin B supplementation [3] . Other studies suggest mortality risks may be higher, at 2-4% [8, 16] . Due to the greater risk assumed by patients undergoing prophylactic gastrectomy, members of the IGCLC recommended that gastrectomy be offered by centers performing at least 25 gastrectomies per year with a surgical mortality of less than 5% [18] . As such, the IG-CLC suggests that patients undergoing prophylactic gastrectomy be assigned a multi-disciplinary team, and this team should work in a high-volume cancer center with perioperative mortality rates of less than 1% for fit patients undergoing total gastrectomy [4] .
The largest single-center experience with prophylactic gastrectomy for CDH1 mutation carriers comes from Newfoundland, Canada [12, 17] . Hebbard et al. [12] reported outcomes from 23 patients who underwent prophylactic total gastrectomy. They reported no mortality, a 17% major complication rate, 48% overall complication rate, and a median length of hospital stay of 11 days (range: 7-107 days). Microscopic foci of intramucosal invasive carcinoma were found in 96% of patients (22/23) despite only 9% (2/23) having positive preoperative endoscopic biopsies [12] . A subset of surgical data (17 of the 23 patients) was published by Lynch et al. [17] and reported an average surgical time of 244 min (range: 120-580 min), and an estimated blood loss of 1000 mL (range: 400-3000 mL), with 3 patients (18%) requiring blood transfusion of 1-2 units of red blood cells, these results being consistent with the proposed morbidity and mortality risks for prophylactic gastrectomy [17] .
The optimal timing of prophylactic gastrectomy remains unknown. The New Zealand HDGC group recommends the procedure take place when a patient is in their 20s and before the age of 30, because delaying prophylactic gastrectomy beyond this age carries a cumulative risk estimate of 4% for advanced disease by age 30 for both men and women ( Table 1 ). The occurrence of advanced disease at 50 years is 21% in men and 46% in women [11] . The Stanford group recommends performing prophylactic gastrectomy 5 years earlier than the age at which the youngest family member developed clinically apparent DGC [8, 16] , as this appears to permit surgery when cancers are confined to the gastric mucosa without lymph node involvement [8, 16] . Timing can have important implications for young women who have not completed child-bearing. Some experts say that delay of prophylactic gastrectomy in young female CDH1 mutation carriers is reasonable, considering the metabolic consequences of total gastrectomy during pregnancy [5] . A recent study, however, has demonstrated that a successful term pregnancy following prophylactic gastrectomy is possible [77] .
The IGCLC emphasized the importance of performing a prophylactic total gastrectomy and pathologically identifying both the esophageal and duodenal mucosa at the ends of the surgical specimen [3] . This was based on a finding of GC after prophylactic subtotal gastrectomy in one gene carrier [ [3] , [24] ]. Additionally, it is well recognized that prophylactic gastrectomy specimens commonly have multiple foci of malignant cells diffusely distributed throughout the specimen. Therefore, leaving residual stomach further exposes the at-risk patient to the development of GC [24, 26] . Although CDH1 mutation carriers who undergo prophylactic gastrectomy are usually asymptomatic (63.3% of cases) and have negative preoperative (i.e., endoscopy and radiology imaging) screening results (62.7% of cases), the final pathology results in 87.0% of cases displayed positive histology. The majority (64.6%) of cases displayed foci of signet ring cells and were therefore considered to have early lesions. The remaining cases demonstrated linitis plastica.
Not all specimens from CDH1 mutation carriers will demonstrate positive histology. Approximately 20-30% of CDH1 mutation carriers will demonstrate incomplete penetrance of the gene, and would therefore never go on to develop clinically significant disease [5] . The possibility of a false-negative pathology result must also be discussed. In 2005 Gaya et al. [65] reported a case of apparent nonpenetrance of HDGC, as no foci of adenocarcinoma were found in a prophylactic gastrectomy specimen from a patient with a truncating CDH1 mutation. However, a subsequently published analysis of the histology blocks in this patient, reviewed by a laboratory specializing in HDGC, identified carcinoma [66] . Consequently, it is recommended that histopathology of the total surgical specimen be performed by clinical laboratories specialized in HDGC [4] .
Conclusion
HDGC is a highly lethal autosomal dominant cancer syndrome with high penetrance, and is caused by germline mutations to the CDH1 gene. We found that 38.4% of patients with a family history of GC tested positive. Mutation-positive families also had a history of breast and colon cancer. Among 86 additional family members screened after a relative tested positive, 62.8% tested positive. When patients were screened for CDH1 mutations by current HDGC screening criteria, 29.2% tested positive. Among CDH1 mutation carriers, 77% of patients underwent prophylactic gastrectomy and 87% had positive final histopathology. CDH1 mutation testing in families with a history of GC, and prophylactic gastrectomy in mutationpositive patients are recommended. All patients undergoing prophylactic gastrectomy prior to CDH1 testing were found to be CDH1 mutation-negative and had negative final histopathology. Prophylactic gastrectomy in mutationnegative patients is not recommended.
